Objective: To gain further insight into cortical superficial siderosis (cSS), a new hemorrhagic neuroimaging marker of cerebral amyloid angiopathy (CAA), and to investigate the clinical, neuroimaging, genetic, and CSF biomarker profile of cSS in a large, consecutive memory clinic series.
Sporadic cerebral amyloid angiopathy (CAA) is a common cerebral small vessel disease and an increasingly recognized contributor to cognitive dysfunction in the elderly. Recently, neurodegenerative and microvascular processes have been considered to cross-talk in producing cognitive impairment. Hence, neuroimaging markers of small vessel disease such as cerebral microbleeds (CMBs), white matter hyperintensities (WMHs), and lacunes are suggested to be of clinical importance in cognitive impairment. [1] [2] [3] Cortical superficial siderosis (cSS), representing subpial deposits of hemosiderin in the brain favoring cerebral convexities, has recently emerged as another key hemorrhagic MRI manifestation of CAA, [4] [5] [6] [7] [8] [9] along with multiple lobar CMBs and lobar intracerebral hemorrhage. cSS may cause transient focal neurologic episodes and be a warning sign for future intracranial hemorrhage. [10] [11] [12] cSS can potentially identify specific subgroups of patients in a memory clinic setting, presumably with more severe underlying CAA. Despite recent interest in the field, 5, 13, 14 large-scale studies in Go to Neurology.org for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.
this setting remain, to our knowledge, limited, and the pathophysiologic mechanisms of cSS are still elusive. 15 The aims of this study were therefore to systematically analyze the clinical, neuroimaging, genetic, and CSF biomarker profiles associated with cSS in a large series of consecutive memory clinic patients, across the spectrum of different diagnoses. We hypothesized that cSS would be a marker of severe CAA in this memory clinic setting and thus show associations with other characteristic markers of small vessel disease and CAA-related brain injury, including lobar CMBs, perivascular spaces, and WMHs, as well as the APOE e4 allele and low CSF amyloid levels.
METHODS Standard protocol approvals, registrations, and patient consents. Informed consent was obtained from each patient according to the Declaration of Helsinki, and ethics approval was obtained from the regional ethics board, Stockholm, Sweden.
Patients. This study is part of the Karolinska Imaging Dementia Study, a memory clinic-based cross-sectional study on small vessel disease and cognitive impairment. 16, 17 We included all consecutive patients (n 5 1,509) undergoing dementia investigation and an MRI brain scan with hemosiderin-sensitive sequences at the Memory Clinic and Radiology Department of the Karolinska University Hospital from January 1, 2006, to January 1, 2012, for cross-sectional analysis. Exclusion criteria for all patients were insufficient MRI scan quality (n 5 3), contusions in typical traumatic brain localizations, and history of hospitalization following head trauma (n 5 2), as well as cSS caused by potential neoplasm (n 5 0) or previously treated ruptured aneurysms and arteriovenous malformations (n 5 0). After exclusions, the final eligible series consisted of 1,504 patients. Diagnosis was defined on the basis of the ICD-10 in multidisciplinary conferences as described previously. 16 Clinicians responsible for patient care, and consequently final diagnosis, were blinded to the study hypothesis and imaging ratings.
MRI protocol. Three MRI scanners (Siemens Medical Systems, Erlangen, Germany) at the Radiology Department, Karolinska University Hospital, were used. Details on sequences and distribution on scanners have been given elsewhere. 16 For each patient, axial susceptibility-weighted imaging (SWI) or T2*-gradient recalled echo (GRE) sequences, as well as conventional structural MRI sequences such as T1, T2, and fluid-attenuated inversion recovery, were obtained as previously described in detail.
Image analysis. A senior consultant neuroradiologist (J.M.) and a trained physician (S.S.) analyzed all images jointly (i.e., by consensus) according to the recently proposed Standards for Reporting Vascular Changes on Neuroimaging (version 1) 18 and cSS according to recent proposed criteria. 15 Both raters were blinded to all patient data. cSS was defined as linear gyriform hypointensities on axial T2*-GRE/SWI sequences. 19 The severity of cSS was classified as focal (restricted to #3 sulci) or disseminated ($4 sulci). The distribution of cSS per lobe was noted. CMBs were rated on axial T2* or SWI as previously described in detail. 16, 17 Care was taken to avoid CMB mimics as described elsewhere. 16 For instance, T2 images were analyzed to differentiate between cavernomas and CMBs.
Furthermore, any CMB-like structure in the vicinity of a deep venous anomaly was excluded since these may represent cavernomas. No cSS was noted in patients with evident cavernomas. In addition, a modification of the Boston criteria with CMBs instead of macroscopic hemorrhage was used. Patients with CMBs in strictly lobar or lobar with cerebellar locations were classified as probable CAA, whereas patients with CMBs in deep brain regions and the brainstem were considered not to have CAA. 20, 21 In patients with cSS, we noted if at least 1 CMB was present in the vicinity of cSS foci, defined as #1 cm, as previously suggested in similar studies.
14 WMHs and lacunes were rated as previously described. 17 Enlarged perivascular spaces were rated on axial T2 sequences and in the centrum semiovale and basal ganglia as follows: 0 5 none, 1 5 1 to 10, 2 5 11 to 20, 3 5 21 to 40, 4 5 .40, according to the validated enlarged perivascular space rating scale. [22] [23] [24] All neuroradiologic analyses were made on a radiologic PACS workstation.
APOE genotyping and CSF analysis. APOE genotyping (n 5 520) was performed on coded genomic DNA samples, and CSF samples were available for 1,039 patients at the time of the MRI scan and analyzed for b-amyloid 42 (Ab42), total tau, and tau phosphorylated at threonine 181 (ng/L), as described previously. 17 All analyses were performed at the Department of Clinical Chemistry, Karolinska University Hospital. The team involved in the analysis was unaware of the dementia diagnosis and MRI findings.
Statistical analysis. Categorical variables were analyzed with the Pearson x 2 or Fisher exact test, and continuous variables were analyzed by the 2-sample t test (for normal distributions) and Wilcoxon rank-sum test (for nonnormal distributions) as appropriate. We compared demographic, clinical, and neuroimaging characteristics, as well as APOE and CSF data, of patients with vs without cSS. Logistic regression analysis with cSS as a dependent variable was used to assess the relationship between cSS presence or burden and all other imaging markers of small vessel disease, as well as clinical variables. When looking at associations with the Mini-Mental State Examination (MMSE) in the whole series, we controlled for age, sex, and diagnostic group. We further constructed a multivariate logistic regression model, additionally adjusting for other potential confounders such as age, sex, and hypertension (see Results). In sensitivity analyses, the logistic regression models were repeated with diagnostic groups and MRI parameters (including field strength, i.e., 1.5 vs 3T, and SWI vs T2*-GRE) as additional covariates.
The association between CSF biomarkers and cSS presence was investigated in linear regression analyses. CSF biomarkers values were log-transformed for normality and put as the dependent variables in the models. The analyses were repeated for the whole series and Alzheimer disease (AD) and mild cognitive impairment (MCI) groups combined (because of the larger sample size). Significance level was set at 0.05. Values below the 0.10 level were considered indicative of a tendency. Stata software (version 13.0, StataCorp, College Station, TX) was used.
RESULTS Our memory clinic series consisted of 1,509 patients, 1,504 total after exclusions. The distribution of patients over the different diagnostic categories and basic baseline characteristics are summarized in table 1.
Prevalence, burden, and topography of cSS. cSS was detected in 40 of 1,504 patients (2.7%; 95% confidence interval [CI] 1.9-3.6); in 33 (2.2%; 95% CI 1.5-3.1) cases, it was focal and in 7 (0.5%; 95% CI 0.2-1) cases disseminated. The prevalence was higher in patients with probable CAA (12%; 95% CI 5.6-18.4), classified according to the modified Boston criteria, than in patients without probable CAA (2%; p , 0.001). Patients with and without cSS, as well as diagnostic groups, were evenly distributed across MRI scanners at 1.5 vs 3T and SWI vs T2*-GRE (table 2) .
The most commonly affected areas with cSS were the occipital lobes (70%; 95% CI 54-83), followed by the parietal lobes (38%; 95% CI 23-54) and frontal and temporal lobes (25%; 95% CI 13-41, and 23%; 95% CI 11-39, respectively). The topographic predilection of cSS was similar between patients with and without probable CAA. The prevalence of cSS differed across subtype of cognitive impairment (Fisher exact test p , 0.001; table 1). Vascular dementia had the highest prevalence of cSS (13%; 95% CI 5-25), followed by AD (5%; 95% CI 3-8) and MCI (2%; 95% CI 1-4). There were no cSS cases in the group with subjective cognitive impairment. Among other dementias, 3 patients had cSS: 1 patient in alcohol-related dementia, 1 patient in frontotemporal dementia, and 1 patient in unspecified dementia. In other disorders, 1 patient had cSS; the patient was undergoing genetic counseling and had hereditary frontotemporal lobe dementia (C9orf72 mutation), scoring 28 of 30 on the MMSE.
Demographic, clinical, and neuroimaging findings, and predictors of cSS. Comparisons of demographic, clinical, and imaging characteristics between patients with and those without cSS are shown in table 2. Patients with cSS were older, were more often male and hypertensive, and had lower MMSE scores compared with patients without cSS. After adjustment for age, sex, and diagnostic category, there was only a tendency of an association between the presence of cSS and lower MMSE score (coefficient 21.5; 95% CI 23.1 to 0.1; p 5 0.069 in linear regression). There was no difference in MMSE score in simple univariable analysis between patients with and without cSS after exclusion of patients with subjective cognitive impairment. In univariable analysis, the presence of cSS was associated with most of the other markers of small vessel disease, including WMH severity, lobar CMB presence, number of CMBs, high degree (.20) of MRIvisible perivascular spaces in the centrum semiovale and basal ganglia, and presence of lacunes (table 2) .
In multivariable logistic regression analysis, after adjustment for age and sex, the presence of cSS was associated with lobar (but not deep) CMB presence, with high degree (.20) of MRI-visible perivascular spaces in the centrum semiovale (but not in the basal ganglia), and marginally with WMHs (for every step progression in the Fazekas score; table 3). The results were consistent and of similar effect size in separate sensitivity analyses further including hypertension and MRI parameters (including magnetic field strength, SWI vs T2*-GRE) in the models. These associations were not influenced by the clinical diagnosis of the cognitive syndrome except for the attenuation of the association with WMH. We repeated these analyses in the AD and MCI subgroups as a further exploratory analysis. All associations remained consistent except for the association between cSS and WMH, which was no longer significant.
Lobar microbleeds in the vicinity of cSS. Thirty-one of the 40 patients with cSS had lobar CMBs, 19 (61%) of whom had at least one CMB in the vicinity (i.e., within 1 cm) of cSS foci. Patients with occipital cSS similarly had CMBs in the vicinity in 57% of cases.
APOE genotype and CSF biomarkers. Among patients with APOE data available, the only association with cSS was between APOE e4 homozygosity: APOE Table 1 Baseline Disseminated cSS, n (95% CI)
Lobar CMB prevalence, n (%) 280 (19) 98 (23) 77 (18) 32 (8) 29 (54) 30 (24) 14 (14) 98 (100) Abbreviations: AD CSF samples were available for analysis in 1,039 patients. The presence of cSS was associated with lower Ab42 levels and higher total and phosphorylated tau levels, not with CSF/serum albumin ratios (figure). After adjustment for age, sex, and diagnostic subgroup in linear regression analysis (CSF biomarkers as a dependent variable), cSS was associated only with lower CSF Ab42 levels (table 4) . These results were consistent in the AD and MCI groups combined (n 5 589), even after adjustment for age and sex (table 4). There were no differences in CSF markers between patients with focal and those with disseminated cSS.
DISCUSSION Our findings in a large consecutive series provide further support for the notion that cSS is associated with cerebrovascular disease and may be a manifestation of advanced CAA in memory clinic patients, without major symptomatic lobar intracerebral hemorrhage. We show that cSS is associated with low CSF Ab42 levels independently of cognitive impairment diagnostic subtype and that CSF total tau and phosphorylated tau are high with cSS in the whole series. APOE e4 homozygosity is associated with patients with Table 2 Comparison of demographic, clinical, and neuroimaging characteristics in patients with vs without cortical superficial siderosis (cSS) Early confluent 143 (10) 6 (15) 137 (9) Confluent 116 (8) 16 (40) 100 (9) Lobar CMB prevalence, n (%) 280 (19) 31 (78) 249 (17) ,0.001
Multiple ( ‡2) strictly lobar CMBs, n (%) 67 (5) 12 (30) 55 (4) ,0.001
High (>20) CSO-PVS grade, n (%)
288 (19) 20 (50) 268 (18) ,0.001
High (>20) BG-PVS grade, n (%)
65 (4) 9 (23) 56 (4) ,0.001
Lacunes presence, n (%) 211 (14) 20 (50) 191 (13) ,0.001
Abbreviations: BG-PVS 5 basal ganglia perivascular spaces; CI 5 confidence interval; CMB 5 cerebral microbleed; CSO-PVS 5 centrum semiovale perivascular space; GRE, gradient recalled echo; IQR 5 interquartile range; MMSE 5 Mini-Mental State Examination; WMH 5 white matter hyperintensity. cSS. Putative markers of small vessel disease and CAA, and specifically lobar CMBs and perivascular spaces in the centrum semiovale, show strong independent associations with cSS, providing insights into potential underlying pathophysiologic mechanisms.
Previous data on cSS in large consecutive memory clinic series are relatively limited. Prevalence of cSS in memory clinic setting ranges from 2.1% to 6.1%, 5, 13, 14, 25 in line with our prevalence of 3.0%, with a 0.7% prevalence in healthy populations. 26 cSS occurred in varying diagnoses throughout our series, with the highest prevalence observed in vascular dementia, followed by AD. The 5% prevalence of cSS in AD found in our study equals the prior reported prevalence. 13, 14 At the same time, it is important to note that imaging reports were available to the clinicians, which may have affected the final diagnosis. cSS was predominantly occipital, which accords with pathologic data showing that CAA often favors the occipital lobe and, when present in that region, often has a more severe presentation. 27, 28 Our finding is also in line with our previous report of CMBs being most frequent in the occipital lobe, 16 although another study reported the frontal lobe as the most frequent location of cSS. 14 The associations with other markers of small vessel disease, as shown in our work and 2 prior studies, 5, 14 suggest that cSS may reflect cerebrovascular disease and CAA. In our study, cSS was independently associated with WMH severity, a high degree of MRIvisible perivascular spaces in the centrum semiovale, and lobar CMBs, a putative marker of CAA presence and severity. The relation with perivascular spaces in the centrum semiovale is novel and of particular interest as it may support the hypothesis that enlarged perivascular spaces in the centrum semiovale, but not in the basal ganglia, are related to CAA. Since both cSS and enlarged perivascular spaces in the centrum semiovale are proposed to represent CAA, this would be in line with the more lobar predilection of CAA, as well as previous findings in CAA-related intracerebral hemorrhage cohorts. 29 Furthermore, cSS was related to APOE e4 homozygosity, 14 supporting the potential involvement and interrelationship of CAA and markers of CAA in dementia.
The routine CSF biomarker profile in memory clinic patients with cSS has not been analyzed before. The association of cSS with lower Ab42 levels further supports the fact that cSS may be a marker of cerebrovascular amyloid accumulation. It may also support the fact that patients with cSS have brain amyloid deposition to a higher degree. Amyloid subtyping and using the Ab 40 peptide would add important data for further understanding and differentiation of associations with brain and vascular amyloid. The lack of an association after adjustments is in favor of cSS being purely a marker of an amyloid-related process rather than neurodegeneration. cSS and relations with Pittsburgh compound B amyloid PET scans have shown higher global amyloid burden in patients with cSS compared to patients without, which is in line with the current CSF findings. 13 The tendency for lower MMSE in patients with cSS might highlight the potential of this marker in identifying a more aggressive CAA phenotype interacting with AD and neurodegenerative pathology to cause more severe cognitive decline or lowering the threshold for cognitive deficits. Similarly, studies have indicated Table 4 Univariable and multivariable linear regression analyses with the CSF biomarkers as a dependent variable and the presence of cortical superficial siderosis as the main independent variable Neurology 87 September 13, 2016 that the synergism between vascular pathology and AD is associated with more severe cognitive decline compared with pure AD, without significant vascular involvement. 2, 30 It is also possible that cSS may directly cause brain tissue injury, especially in the superficial cortical areas. Superficial astrocytes, microglia, and cerebellar Bergmann cells are thought to pick up blood and to break down heme to free iron. [31] [32] [33] Free iron may cause injury through the production of reactive oxygen species, in turn leading to neurodegeneration. [31] [32] [33] These hypotheses require further investigation in clinical and basic science studies.
Strengths of our study include the comprehensive assessment of the whole range of imaging markers of small vessel disease on structural MRI (including imaging signatures of CAA) according to current consensus guidelines, as well as the availability of APOE and CSF biomarker analysis. Furthermore, the large sample size (the largest to date focusing on cSS in a memory clinic setting) resulted in substantial statistical power to build robust multivariable models and to adjust for potential confounders and increases the external validity of our study. Important limitations include the use of different scanners, field strengths, and blood-sensitive sequences for both the T2*-GRE and SWI, although this was adjusted for in all our analyses. A limitation is the lack of autopsies and brain biopsies confirming CAA. Hippocampal atrophy ratings and detailed neuropsychological testing would have provided interesting aspects to our study. The fact that imaging (but not study hypothesis and research ratings) was available to clinicians setting the final diagnosis raises the possibility for circular diagnostic reasoning, making it hard to derive definitive conclusions on the basis of cSS prevalence and diagnosis.
Our study validates previous findings and adds new important data to the increasing evidence that cSS may be a marker of advanced CAA in a memory clinic population. Future prospective studies should explore cSS and the direct effects on cognition, brain parenchymal injury, and disease progression.
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